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In coherent X-ray diffraction microscopy the difften pattern generated by a sample illuminateth witherent x-rays is re-
corded, and a computer algorithm recovers the usuned phases to synthesize an image. By avoitiasngge of a lens the resolu-
tion is limited, in principle, only by the largestattering angles recorded. However, the imagisg is shifted from the experi-
ment to the computer, and the algorithm’s abil@yrécover meaningful images in the presence ofenaigl limited prior knowl-
edge may produce aberrations in the reconstruatede. We analyze the low order aberrations prodbgedur phase retrieval

algorithms. We present two methods to improveaitmiracy and stability of reconstructions.
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1. Introduction

A new imaging technique has emerged in recent yewets
can overcome many limitations of light, electrond&-ray
microscopy. Coherent X-ray Diffraction

high resolution. In this technique one records3bediffrac-

tion pattern generated by a sample illuminated witherent
x-rays, and as in x-ray crystallography a computeovers
the unmeasured phases. This is done by alterraelying

constraints such as the measured intensity innacib space
and the object support—the region where the oligets-
sumed to be different from 0—in real space. Tlosre:

sponds to defining the envelope of a molecule yistatlog-

raphy. In our implementation the support is peady up-

dated based on the current object estifhate

By avoiding the use of a lens, the experimentalireg
ments are greatly reduced, and the resolution besdim-
ited only by the radiation damagd®. However the imaging
task is shifted from the experiment to the computed the
technique may be limited by our understanding ef ghase
recovery process as well as the algorithm's ahilityecover
meaningful images in the presence of noise anddaprior
knowledge.

Recently we have presented experimental resultsighf
resolution 3D X-ray diffraction
characterized test object to demonstrate the pedctpplica-
tion of these advances).
image reconstruction and determine low-order pleasers
(essentially image aberrations) that can occur wieeon-
structing general complex-valued images. We pieten
methods to improve the accuracy and stability obnstruc-
tions.

2. Coherent X-Ray Diffraction

Three-dimensional coherent X-ray diffraction daterev
collected at the Advanced Light Sourc®from a test object
that consisted of 50-nm diameter gold spheres docan a
2.5um-wide silicon nitride pyrami@ (Fig. 1a). A bare CCD
located in the far field recorded the diffractioatterns with
a pixel sampling that was more than 4 times thenGtia
sampling rate for the (phased) complex amplitudestrac-
tion patterns were collected for many sample oaigons
over an angular range of 129°. These were intatpdlonto
a 3D grid. We reconstructed a full 3D image byfqaning

Microscopy
(CXDM) Y promises to enable the study of thick objects a

imaging of a well-

phase retrieval on the entire 3D diffraction datgse. the
iterations involved three-dimensional FFTs). Theuténg
volume image reveals the structure of the objedllithree
dimensions and can be visualized in many ways degJ

tprojections through the data, slices (tomographisjsosur-

face rendering of the data.

In addition to 3D images, we perform much analysid
algorithm development on 2D datasets. For the wotkis
paper we choose central plane sections extracted the
3D diffraction pattern. By the Fourier projectitmeorem,
the image formed from a central section is an itdidepth-
of-focus projection image (Fig. 1b). We carry abtinitio
image reconstructions using the Relaxed Averagéeridt-
ing Reflections (RAAR) algorithn? with the “Shrinkwrap”
dynamic support constraift Details of the algorithm pa-
rameters used are given in Chaprmian

3. Resolution Analysis

The phase retrieval process recovers the diffraqiltases
with limited accuracy, due to factors including SMRthe
diffraction amplitudes, missing data, the incorsisly of
constraints, and systematic errors in the datah(siscerrors
in interpolation). These errors in phase reducedselution
of the synthesized image. With a complex imageoadasup-
port constraint will lead to unconstrained low-ardéerra-
tions. As is well known an object could be shiftada few

Here we extend the analyis of pixels each time we reconstruct, which is equiviakena

varying linear phase ramp in reciprocal space.daiteon to
this shift low order phase variations, such as defoand
astigmatism can also be unconstrained if the ataef@bject
fits inside the support. One way to quantify théeef of

Fig. 1. (a) SEM image of the 3D test object. Suatds 1
micron. (b) Infinite depth-of-focus image reconstad from
a central section of the 3D coherent X-ray diffiattdata.



onstrustinmrecipro-
cal space, showing a phase vortex between twoigotuin the
far field. The center of the vortex is@t 0, and the half-width
of the phase map &= 0.048 nrit.

these phase variations is to determine the vanatiore-
trieved phases as a function of resoluti®nGiven a recon-
structed imageg(x) obtained by phase retrieval starting

from random phases, and its Fourier trans-
formG =|G|exp{ig @} , we define the phase retrieval trans-

fer function by
G(a) >
= (1)
<|G(q)| ‘

with (G) the average over the complex diffraction ampli-

tudes of many reconstructed images starting frondam
phases. Where the phases are random and complatay-
related, the average will approach zero. Thus,réti® is
effectively a transfer function for the phase mtal process,

and the average image (the Fourier tranforqGof) is the

best estimate of the image: spatial frequenciesvaighted
by the confidence in which their phases are known.

In our case when reconstructing complex 2D imagjth,
low frequencies missing due to the beamstop, wes ftdos
served that phase retrieval from independent ransi@ams
may differ by a phase vortex (right or left handexbntered
at the zero spatial frequency (Fig. 2). We findttive can
improve the estimate of the image by separatingtmut/or-

PRTHq) :|< exig ¢ })| =

tex modes’). These phase vortices are due to stagnation of

the phase retrieval process. Other phase vort@esappear
near local minima of the measured intensities, aod
method of separating solutions will fail to detgottices not
centered near the beamstop. In order to remove timsex
aberrations we modified the reconstruction algaritis fol-
lows: (i) Averagen independent reconstructions which will
likely average out the phase vortex modes but alilo
smooth the resulting image, reducing the resolutfphRe-
fine this averaged image by inputting it to the RAR algo-
rithm and carrying out 200 iterations. Using thés/éraged
RAAR” algorithm we reduced the probability of reewing
an image with phase vortex mode from 40% to L%%u)lt-
ing in an improvement of the PRTF by almost a fadb
two.

We compute the final image, and the PRTF, by avegag
1000 such reconstructions (Fig. 3). Before ave@gimany
images we make sure that they are not shifted negpect to
one another by finding the linear phase ramp thatnizes
the difference between their Fourier transformsctelations
of the linear phase term indicate fluctuations @sifions.
Fluctuations in higher order polynomial phase teimascate
that phase aberrations are present in the recatistis.
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Fig. 3. Top: Phase retrieval transfer function loé two algo-
rithms. PRTF=1 represents stable phases. The akm@4AR
algorithm significantly improves the stability dfi¢ reconstruc-
tions. Bottom: PRTF after removing the vorticesteesd ag = 0.
The averaged RAAR shows marked improvements at frigth
auencies

To quantify the instabilities of these low orderaph
modes, we find the low order phase modes (focugynaa-
tism, coma, up to a polynomial of ordgj that minimize the
difference between each new reconstructrand the first
recovered imag6&,. This is done by minimizing

x=|Go(a) -G, (a)exe{ip@}|” )
q
with the 2D polynomial defined by coefficientg as
i+jsnp o
p(a)= > p,;G0a ©)
i,j=0

with @, , = quy/Z max(quy) . The linear terms representing

shifts in real space are found using the methodriesi by
Fienup™®, while higher order terms are obtained by fitting
the phase differenceargG.G, ), to the higher order 2D
polynomial terms and iterating until the correctisnless
than 1°. The fluctuations of the second order paiyial
coefficients are obtained by calculating their d&nd devia-
tion among 1000 reconstructions, and we find that

Poo Pio Pa2o 226 0.31 0.1
std p; Py Pa|=| 053 061 O 4)
Po2 P12 Pop 014 0 0
The linear terms (@@ po1) represent a shift of

[0.31,0.53/ 2r=[ 0.049,0.08 pixels in real space corre-

sponding to 0.5 and 0.8 nm shiftsxrandy. The degree of
defocus phase variation dependspyy, + py ,)/2, and the

real-space defocus variation is given by:

0z= Std{ P20t po,z} ®)

47TNA?
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Fig. 4. Demonstration of reference-enhanced diffoacimag-
ing. A Pt dot was deposited near the sample (aatitie) with

a focused ion beam instrument. The Fourier transfof the
diffraction intensities (right) can be used to deii@e the sup-
port which can constrain the l-order phase ab¢ations

We have NA=0.084 and=1.65 nm, givingdz=11.3nm.

Note that this defocus variation represents aralmilly of
the phase retrieval process and does not corresfmoad
optical effect of focusing through a thick obje¢h this case
all voxels of the 3D images or pixels of the 2D jpotion
images are equally aberrated by this effect.

An additional method to further reduce these irilites
is to use a small reference point near the specinizuring
the retrieval process the image of the referendatpe
forced to be small with a tight support. This doaiss the
aberrations at this image point, and hence atralje points.
The reference point has the additional advantager@fid-
ing a hologram of the specimen (Fig. 4) which canubed to
provide the object support, or even the desiredjana

To quantify our ability to recover unmeasured istéas
(for example behind the beamstop) we use the narehl
standard deviation

o*(a)=(e(a)-S(af ) @) - ®
We define a transfer function, based o as:
G

which has the desired properties that transfer tioncis
unity forg? =0and zero foro? =«. Eqn. (7) reduces to the
PRTF in the regions af where|G | is measured.

An algorithm that always recovers the same phases d
not necessarily recover the correct ones. Anotbguire-
ment is that the recovered image is constraingddrregion
called supportg(x) =0,xS. If this condition is satisfied

the Fourier modulus conditio] @ |= 1Y2) is unlikely to be

satisfied in the presence of noise. We can quadéfgations
from the measured values by Rifactor (similar to that used
in crystallograph{?) by

2
, o _le(@)]-v1(a)
Of (A) = ————F— 6)
VT ()]
and its related transfer function

RFTHq) = [1+ o (q)]_llz, which is plotted in Fig. 5 for

a reconstructed image.
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Fig. 5. TheR-Factor Transfer Function (RFTF) of a recon-
structed image, showing excellent agreement wighnteasured
diffraction intensities.

4. Conclusion

We have performed a characterization of high-regmiu
imaging of an isolated 3D object b initio phase retrieval
of the coherent X-ray diffraction, and examined nmstto
allow the quality of image reconstructions to beegsed.

The phase retrieval process does not produce @nigu
ages, in that varying low-order phase modes agkim to
aberrations in an imaging system. Other thanithéetms,
the low-order phase aberrations discussed herebwilte-
duced in case of a real object (for which only symimetric
terms are allowed) and will not be present wheaadspace
positivity constraint can be imposed, since defomusr
otherwise aberrating an image causes it to be ecomplow-
ever, in the case of samples consisting of more time ma-
terial (such as biological samples) the object oate con-
sidered positive and we must reduce the effectabefra-
tions. We have proposed two methods of overcomimia-
tions of computer reconstruction: in order to immahe
stability of the reconstructions we average seveeabn-
structed images and use the result to feed a nendrof
phase retrieval. From an experimental point of vithe use
of a reference point, or other well-defined objesfpuld
enable us to greatly reduce low order phase alyarsat
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